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AHSTKACT 

A method is descrilH'd to use a projtosed shuttle laser 
ran^jlnji exjieriment to transfer time with nanosecond pre- 
cision. All that need be atlded to the original ex|)eriment 
are low cost K«*‘’nnd sbitlons and an atomic clock on the 
shuttle. It is slmwn that ^xlobal time transfer can be 
accomplished with 1 ns precision and transfer up to dis- 
tances of l!000km can be accomplished with better than 
loops precision. 
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NANl'SlX'ONP I'HANSKKH VIA 

Slll’nih l.ASKH HANllINi; KXl’KHIMKN T 


IN monrr ru)N 

Tho Shuttlo I'u'tHlvnainli’ Uan^iuf; Syntmi (STiHS) as prosonllv i’«>nivlvtnl will t*in- 
pl«»v lasiM' ran>;lnn to ai'hlo^vt* a i»m* nhul im*a«urt’im*«t priuixlon of 

10 lU'iiilnu'liM s slaivlard ilovtatlon. ' • " I1u* inslrunu'nt w ill contain a narrow 
piiln»' m*oilvintum-Y A(i fivnuonov iIihiI>I«hI Ia«or an*l an aoourato pointing systom 
to ill root tho 1 2 mllltraiHan lasor l>oain from Shutllo to oaoh of a larm’ nuinlK*r 
of roflootivo tartjotM plaooil stratonloallv ihrounluHil an aroa of intoroHt on tho 
Hurfaoo of tho oarlh. I’ho IUHtrumont's primary funollon Is proolso nuMsuro- 
mont of hasollnos and rolatlvo hot^hts hotwoon thoso tai'fjots whoro a lyploal 
maximum hasidlno disianoi* Is flvo hundi'od kllomolors. Tho applioations aro 
varlod hul mainly roly on tho ability of tho systom to porforn> Its task with 
oonthuotor proolslon, Kor Instanoo, moasuromonl of basollno ohan^tos oan 
vlold Information about tootonlo plato motion and strain aooumulatlon across 
faults. Similarly, intortar>;ol vortioal motion oan bo Intorprotod as dilatantoy 
tthiHijjhl to bo a prooursor to oartluiuakosl or as subsldonoo ihio |H»sslbIy to 
Huld oxtraotlon from or Influx Into subsurfaoo rollons, l’l>T‘*ro I ploturos StlltS 
in o|H‘ration ovor tho San Androas fault In I'allfonna. 

St'iHS doos not moasuro l>asoltnos dlrootly. Ilathor, It moasuros tho ranno bo- 
twoon Itsolf and oaoh rotroroflootor tar^ot by moasurin^ tlu* tlmo It takos lasor 
pulsos to trayorso tho dlstanoo botwoon tho spaoooraft and tho target and baok. 

I'o moasuro basolliu's, a ran^;lnf; soquiMioo Is usod whioh miniml/os tlu* I'ffoots 
of spaoooraft motion. Hasollnos aro oomputod from tho soijuonoo of ran^o 
moasuromonts and *ho oijuatlons of motion of tlu* spaoooraft. Krror analysts 
Indloatos that a ran^jln^; system ha\ ln>: ;m aoouraoy of 10 oontimotors for sln^tlo 
moasuromonts and operating; In this modo oan Indood ylold oontlmotor proolslon 
with ros|H*ot to lntortai');ot moasuronumts, assundn^ that soyoral thousand ranno 
observations aro obtained per tarnot. 

I'o see how tho StlllS oan bo usoil for time transfer, one must look olosoly at 
tho ran>;o systom slnoo tho lasor pulse is tho only signal whioh Is oommon to 
l»oth the stilts and tho ftiinind. l'li;\iro 2 shows a block diagram of tho ran^jln^; 
subsystem as it Is planaod. I’ho subsystem will use a froqiionoy doubled 
noiHlymlum-YAtl l aser with a jhiIso width of about 12 ns whioh Is fired at almut 
a lOpps rate. Observe that both tho transmitted and roflootod indsos will bo 
measured throu(;h tho same ohannol to avoid ran^jo biases. The roal-timo 
oorrolator and peak dotootor will opoiato In a fashion similar to a constant 
fraction discriminator to find the oontor of tho pulse indojx'ndont of roturnln^; 
pulse amplitiulo. lids dlsorlndnator w ill have a dynamic ranno creator than 
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100:1 to oom|H*nn;ilo for ;itnu>8phoiio Hi’IntUlallon ami othor offoot^. Notloo that 
■in ovont olook will roplaoo tho UHual "tlnu* of nuMHuronuMit" ami "ran»;o tlnu* 
inlorval ' units. ITiis ov»»nt oIiH*k will rooord tho opiK’h of tranHinittoil ami ro- 
flootoii las»*r pulsos w ith an aoouraoy of ijroator than 10 ploosoi’omis. IlniH, 
tho raiii;i' tinu* Intorval to a tari;ol Is tho tlifforonoo in ovnu'h of tho two jnilses 
ami tho tiino of luoasuri'inont is tho avora^o ojx>oh of tho tw«' pulsos. I'ho timo 
of moasiiroinont, whloh is also an ostimato of tho timo of arrival of tho lasor 
pulso at tho tar«ot. Is suffioiontly aoourato for ranitini; purp*>sos, Whon oor- 
rootoil for raniio rato offoots, this timo Is also suffioiontly aoi'urato for timo 
transfor |nir|H»sos. 

A ran^o proolsion of 10 oontlmotors implios a ranno timing proolslon of (ii»7 pioo- 
sooomls ami, if imloivmlonoo Is assumod, a slnitlo |xilso timing; proolsion of 171 
pioost*oomis. Ilils numlH'r inoliuios all offoots of oonsoquonoo within a timo 
jHM-imi oomparaldo to tho ranito timo intorval; i.o, , up to 7 mllllsooomis. Ito- 
oaiiso i>f tho oommon i’hannol, it Is |x>sstl)lo to oominito tho timo of arrival of 
tho lasor jhiIsos at tho >;roumi taritot with .vsin'ot to tin* StiHS olook from a 
knowloil;;o of tho two ovont timos ami tho ivinijo rato, llio orrorr oxpootod aro 
thoso rolatoii to jndso timing; ami to non-oommon ohannol offoots. Ilioroforo, 
if tho (Hilso timing; proolsion on tho >;round is assumod to 1h» Uu* samo as that 
of tho STiltS, a total om' slu>t timin;; proolsion at tho |»n'umi tirnot of f>77 ploo- 
sooonds should l>o oxpootod. 


1 ASKH TIMK rilANSKKIl 

To uso StlliS for timo transfor all ono nood adii is a >j:riniml station oapal>lo of ro- 
ooriiin^r tho o{x>oh of lasor inilsos as thoy aro roflootoil fr»>m tho station. Suoh a 
htatlon is ilopii'tiHi in Kl|t:uro :i. iTio way thoso stations would ho usoil to transfor 
timo is shown in l-Mfjuro 1, As tho shuttio fllos ovor two or moro m*moto olook 
sitos oqulj>po»i with ^{round stations, it would ran^o to thorn. I'onourrontly oaoh 
;jroumi station wouhi rooorti tho o|xioh of lasor pulsos as thoy hit tho station rola- 
tivo to its romoto olook. i’ho data on lioard tho shuttio would allow tho oompu- 
tation of tho ojx>oh of arrival of lasor pulsos on tho unximl rolativo to tho on- 
hoani fro»|uonoy stamiard. Ily oomparln^ all tho *iata aftor tho fact, ono olitalns 
a synohronl/atlon hotwoon oaoh romoto oIook ami tho shuttlo's on-lxiard froquonoy 
stamiani. I'horoforo, ono transfors timo luMwoon two uriHimi sitos by usini; tho 
shuttio froquonoy stamiani as a transfor stamiani. 

For lon^r ran^o timo transfors, ono Is limitod by tho transfor orror of tho on- 
boani fro(]uoncy stamiard. It can Ik* shown that Uu* transfor orn>r of tho on-board 
stamiard for timos lonu oompaml with tho |hi1so transit timo is approxlmatoly tho 
two sample Allan Variance for the transfor time. Fiijuro 5 uses this to show tho 
transfer orror of several atomic fro«|Uoncy stiunianls. Notice Uioro aro several 



st.-indanls which will nKiinlain 1 ns for ahovit 10'* socontis, a llttlo umior throe 
i>rl>lts. nils time is sufficient t»> cover most pairs of sites, ITils will Ik* tils- 
cussetl in further detail later in the pa|H‘r. 

For short ’*an>:e time transfer up to ‘2000km, one can use the moveable mirror 
on suits to sequentially hit several >;round stations and thus eliminate the trans- 
fer error of the on-hoard frequency standanl. lids wtnild allow one to averane 
manv measurements to ri*duee the »>ne shot measurement error. How much this 
i*an he done is deterndned by the limits im|M>sed by systematic errors or slowly 
varviiiki time delays effeetlnn the measurement. Past results with urouml bast'd 
laser measurements ami analysis of atmospheric effects indicate that the shuttle 
svstem will eontrllnde les*» then lOOps error.* Ilu' effects of the (ground receiver 
on ultimate aeeuraev are dls ’U'.sed in the next section. 


I.ASKM I'lMK rHANSKKH lUX'KIVKH 

A block diagram of the I.aser time transfer t^i'ound station is shown in Fij^ure 5, 
I'he ground station has four basic elements: a retrorefleet<ir-reeelver, a 
constant fraction discriminator, an event clock, ami a data lonner. The 
retrorefleetor-reeeiver would consist of a cuIh' comer array to reflect the 
laser jndses ami a photi>multiplier tube or a phot«Hllode to detect the arrival «d 
laser jxdses. 

For the detector, rel.atively inexpensive photomultiplier rubes are available** 
with transit times of 10 to .'tons, rise times of 1 to .‘Ins, and for the pulse ampli- 
tudes of cimeern here, .litter'* of less than lOOps. Krrors caused by tielay 
ehanvjes tiue to temperature or other varlatl«>ns occur principally throu^^h ehan^es 
in }>ower supply vt'ltaj'c. With a total power supply stability of 0.1*7, varlrdlons 
in transit time are less than ‘iOps. Any illreet effects »>n the photomultiplier it- 
self can be eliminated by shielding and U'mperature control of the tube, though 
this will probably not be necessaiT, 

i’he constant fraction diserindnator is necessary to compensate for received 
pulse amplitude variations caused b\ an^lar effects and scintillation, i’he dis- 
erindnator wiHdtl be set to trinjjer typically on the half amplitude point to mini- 
mi /e .implitude to time conversion effects. Constant fraction discriminators are 
available with a time walk of less than l‘20ps over a 100:1 chan>;e In |Hil.se ampli- 
tude.''’ ITiis is more than sufficient to eomjvnsate for pulse amplitude variations 
to be seen by the time transfer receiver, remperature ctK'ffleients a o such to 
keep total time stabllitv better than 120ps. In any case, since constant fraction 
discriminators with sufficient accuracy can be built into a photomultiplier tube 
hiHise, if necessary, one can remove temperature effects with a tem|H>rat\ire 
controIle<l shroud aroimd the photomultiplier assembly. 
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1110 ovont cUK'k will i*un off 5 Mil/ and 1 pp8 Hupplied by tho loral clock. I.'Ut- 
ptdaturH which mcaHurc Intcrvalit of lUOnn to 500 dh in length to a rcKofution of 
100 ptt to 500 pH arc available an sUindani CAM AC nuxhilcH. I’hiH mcann that an 
event clock with only a 100 ns to 500 nn rt'Holiition wmild have to be const iMcted 
which could easily Ik* accompllshtni with st:uidard TTL lo)(ic. Of ctHirse can* 
would have to Ik* excrciseti in relating the 1 p(>s input to tlu* intennilatioi. meas- 
urement. Itils can Ik* accomplished withtnit t«)o much difficulty provliiln>; the 
1 pps ln|iut has a relatively fast rise time. If this is a proldem, a scht*me similar 
to that on the shuttle In which a laser diode at the receiver input is trin^ereil by 
the 1 pps IniHit can Ik* used to record the e|x»ch of thi* ground cloi*k. Just as In 
tht* shuttle system, this would cancel most systematic delay effects in the time 
transfer ground station. 

Since tht* jiulses to Ik* measured will occur at only a 10 pps rate for JO secontis 
or "o, the data li*»:t;er need not be complicated. At these speeds a simple par- 
allel p’*lnter can handle the data. Alternatively a calculator can Ik* used'io col- 
lect the data and store it on a tape cassette. 


Slir TTl.K I FMi: I’HANSl’Klt I’KASIFIU PY STI DY 

For time transfer to be feasil>lc via the shuttle laser r:ui>;in^ system not only 
must tht* laser svstem Ik* capat)le of time transfer, but the shuttle orbit must 
also allow time transfers tK*tween reasonable site Iwations. To detenninc 
whether the shuttle orl)lt would allow such reasonable time transfers, a study of 
shuttle passes over selected sites during a 12 day orbit was made. The sites arc 
listed in Fljpjrc 7. Ilu* sites were selected for use in a validation ex{x*rlnu*nt; 
they eith(*r had VI, HI capal>lllty or had clocks available with nanosecond ix*r day 
staldlities. 

For this study, a twelve day 50’ inclination orbit was used, A pass was defined 
as having at least a 20' inclination in the rannc "ector lK*tween tlu* shuttle and the 
site. For this study, the sites were niven code numlK*rs as listed in Fl>pire 7. 
After a list of passes were compiled and time ordered, the list was scarehini for 
pairs of pa.sses at selected sites within time intervals from 00 s»*conds to lo' 
seconds. iTie results of these passes are shown in Fl>:^jres 0 throunh 15. Ilicse 
charts contain the results of a computer search in which the computer went se- 
quentially down *he master list to define the first site of a pair and then counted 
the number of times the second site ap|x*arcd witliin the H|x*cified pi*rlod after 
the time of the first site pass. I'he results were summed as the cominiter went 
down the list sec(uentlally for the first site. This methtxl of eountinn yields very 
lar^e numix*rs for lon>i time Intervals, i)ut can be useful in eomblnlnn weather 
data where multiple occurrences of a second site Increase the probability of ob- 
taining a clear shot. In anv ease, tlu* relative si/.cs of the numbers can be used 
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In «lti* MeliH'tion, On i*:u*h of tho oh:irt» Uu* first colunin ami first iirv tho 
ootlo numlM>rs of tho stti's. Notloe that pairs for Uu> same site are Ineluiled 
tA%1ee, 

One ean quallUtively ur.tlerstaml the data by loi>kln); at Kl^re Kt whieh shows a 
one day shuttle orbit 8U|H*rlmpose«’ ^ver the sites. Of course the extreme latitude 
of Onsala makes It a jx>or candidate for a site as verified by the data. However, 
because the 20' Inclination allows the shuttle to hit anything v^lthln *1000 km of 
the orbit pt^sltion, even Onsala has passes durinK the twelve day period. Since 
th»‘ orbit Is non-repoatln^; over the earth, any two sites within *50* latitude will 
be connected, llie data shows that within 10'* seconds most of the sites are 
connecteil and within 3 x 10'* sccomis all of the sites are connected. For short 
time Intervals sites close together were of course connecU»d, As can be verified 
by the data, sites alon^ orbit paths are favorable for short term transfers even 
when separattni by larne disUmces, An especially favorable site is Westford 
since It sits on many orbit paths In common with other sites. 
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NAME 

GREENBANK 

RGO 

MADRID 

OTTAWA 

PARKES 

RIVERSIDE 

TOKYO 

WESTFORD 

OWENS VALLEY 

BOCHUM 

BOULDER 

FORT DAVIS 

GOLDSTONE 

ONSALA 

LAKE TRAVERSE 

PARIS 

USNO 

GREENBELT 


Fitjure 


LOCATION 

LONGITUDE 

LATITUDE 

LOC. NO. 

WEST VIRGINIA 

W79 50.2 

N38 26 17 

1 

ENGLAND 

WO 20.3 

N50 52 18 

2 

SPAIN 

W3 41.3 

N40 24 30.0 

3 

ONTARIO 

W75 53.6 

N45 23 13 

4 

AUS'^RALIA 

E148 15.7 

S33 00 0.04 

5 

MARYLAND 

W77 140 

N38 22 26 1 

6 

JAPAN 

E139 32 4 

N35 40 18 2 

7 

MASSACHUSETTS 

W71 29.5 

N42 37 2.4 

8 

CALIFORNIA 

W118 17.6 

N37 13 53.8 

9 

GERMANY 

E7 11.5 

N51 25 43 

10 

COLORADO 

W105 7 4 

N40 5 28 

11 

TEXAS 

W103 57 

N30 38 00 

12 

CALIFORNIA 

W116 50.9 

N35 23 34.2 

13 

SWEDEN 

Ell 55.2 

N57 23 36.1 

14 

ONTARIO 

W78 4.4 

N45 57 19.4 

15 

FRANCE 

E2 20.2 

N46 50 11 

16 

WASHINGTON. D.C. 

W77 3 9 

N38 55 14.0 

17 

MARYLAND 

W76 49.6 

N39 1 11.48 

18 


7. Laser Time Transfer Feasibility Study Locations 
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Figure 8, Number of Pass Pairs Within 6.0 + 01 Seconds 
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is shown that global time transfer cim be accomplished with 1 ns precision and 
transfer up to distances of 2000 km can be accomplished with better than 100 ps 
precision. 
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